The paper presents results of research on light pollution in the night sky of Toruń. A permanent network of measuring stations has been established in the city, consisting of 24 sites representing various types of land development and land cover: single-family housing, city centre, multi-family housing, areas overgrown with vegetation and open areas. Within this network, a repeatable direct measurement of the sky brightness using an SQM photometer was carried out over a period of three consecutive months in the summer season, i.e. from June to September 2017. The measurement sessions were conducted in similar weather and astronomical conditions. Based on the obtained data, a spatial distribution of light pollution was determined, ranges of values obtained during the measurements were provided, and the results were additionally referred to the distinguished land cover categories and land development types.
Introduction
In the rapidly developing world, the environment in which we live and work is exposed to increasingly widespread and previously not analysed types of pollution. People, plants and animals are affected by the deteriorating conditions of the environment (Jechow et al. 2019) . The most thoroughly researched forms of pollution, well known to most people, are mainly air pollution (e.g. particulates and ozone), water and soil pollution (e.g. pesticides and heavy metals), landscape pollution, as well as noise pollution and radioactive contamination (Wang et al. 2004; Wyszykowski and Wyszykowska 2007; Para and Para 2013; Woźny et al. 2014; Żurek et al. 2017; Quadri et al. 2019; Wani et al. 2019) . Research on these forms of pollution has been continued for many years and the awareness of their prevalence and effects among average citizens is growing.
Light pollution is a form of environmental pollution that has not been previously considered in scientific research. This form has not yet been researched in a comprehensive and multifaceted way and not all factors and parameters related to its occurrence have been determined. Unlike other ecosystem contaminations, most often various physical and chemical factors, light pollution is caused by light, i.e. a factor that is not usually attributed to negative effects of human activity. Nowadays, it is increasingly often analysed as a form of environmental pollution (Hänel et al. 2017) . Targeted research, along with regular monitoring, was only started at the end of the last century. In Poland, this type of research is carried out only by several academic research centres (Ściężor et al. 2010; Wojciechowska et al. 2014; Ściężor 2018) . The research carried out in the summer season of 2017 in Toruń, described in this paper and based on data acquisition, was aimed at a preliminary assessment of the impact exerted by the selected elements, and additionally constituted an attempt to determine the effect of various types of cloud cover on the measurement of pollution ( Fig. 1 ).
Phenomenon of light pollution
Along with civilizational development, a significant impact of artificial light on the natural environment has been observed. Few people, however, are aware of the phenomenon of light pollution. Light is considered to be something good, therefore we tend not to see its negative effects (Roge-Wiśniewska 2015) . Approximately 80% of the world population and over 99% of the US and European population live in areas with a light-polluted sky (Falchi et al. 2011 (Falchi et al. , 2016 ). These citizens are not able to see the numerous star constellations, not to mention the Milky Way, due to the bright glow that can be seen in the surroundings of even a small town (Fig. 2) .
The excess of light causes hormonal disorders, metabolic disorders, melatonin deficiency, slowwave sleep deprivation and the deterioration of sleep quality in humans (Jones and Francis 2003; Stevens 2009; Depledge et al. 2010; Skwarło-Sońta 2014) . The adverse effects of light are also ob-served in plants (light affects their development) and animals that are adapted to the daily cycle (Jones and Francis 2003; Navara and Nelson 2007; Stevens 2009; Connors 2010; Depledge et al. 2010; Falchi et al. 2011; Zimoch 2017) . Excessive optical radiation is also emitted into the upper part of the atmosphere, which makes the illumination costs incurred by municipalities and individuals inefficient or unnecessarily high. Consequently, areas that do not need to be or should not to be illuminated are lighted.
The amount of light emitted at night is determined by several factors, including, in addition to the technical conditions mentioned above, both the density and relative height of buildings as well as the type of land cover in the vicinity of an observation point (Kocifaj 2007; Ściężor et al. 2010 ).
Measurement network and methods
Light pollution can be measured in a number of ways. The methods employed can be classified into instrumental and observational. The two groups of methods are applied both by amateurs and professionals.
The method selected to achieve the objectives of the presented research was an instrumental method using a professional SQM L-version photometer In order to achieve the objectives of this project, a permanent measurement network was established in Toruń, representing all characteristic types of land development.
The sites of the measurement network are located all over the city, forming a relatively even distribution. Each site represented a specific type of urban development. The sites were selected in such a way as to be easily accessible by road transport, while maintaining the greatest possible distance from street lamps and buildings as well as various field diaphragms that may have a significant im-pact on the readings. Free access to each station was conditioned by the assumptions of the project. The entire route between the sites was followed in each measurement session, moving between the measuring stations using a car. The measurement was taken at a strictly defined time depending on the position of the Sun on the horizon. In order for the measurements to be carried out correctly, each measurement had to be made at the time of the Sun's lowest position below the horizon (Fig. 4) . No astronomical night occurred in the summer at the latitude corresponding to the location of the selected city, which would guarantee the least influence of the sunlight scattered in the atmosphere on the accuracy and correctness of the measurements. The route during one measurement session was 45 km and the average time of the trip was less than 2 hours.
Each station established within the measurement network was checked for compliance with the required measurement conditions, both during the day and at night. In addition, four reference sites were selected outside the city limits, which served as a background for measurements in the urban area. After taking all the assumptions into account, the measurement network consisted of 24 sites (Fig. 5) . Table 2 give locations of selected measurement stations. The type of land development surrounding a specific measurement station was marked with appropriate colours (see the legend under the Table 2 ).
Results of the conducted measurements
Repeatable measurement sessions of the sky brightness were started when all the stations were established in accordance with the project assumptions. In the described summer season, a total of nine measurement sessions were carried out, including three sessions with mostly cloudy sky and six sessions with a cloudless sky.
Spatial analysis of the summer sky brightness
Spatial distribution of light pollution in Toruń was determined based on average values obtained during the summer season. Data interpolation was carried out using the kriging method in the ArcGIS (Esri) environment, which enables multifaceted spatial analysis. The obtained interpolation result for the data concerning the average value of sky brightness for the summer season is presented in Figure 6 .
The obtained spatial distribution shows that we can distinguish three areas in the city with significantly higher brightness of the night sky (marked with yellow and red colour) compared to other areas. They include the city centre, where Toruń Old Town with its compact development is located, Rubinkowo -a large housing estate with tall multi-family buildings and Wrzosy -a single-family housing estate located in the north-western part of the city. The darkest areas, marked in blue and navy blue, are the zones located far from the functional and geometric centre of the city. 
Analysis of sky brightness in relation to the type of land development
The analysis of light pollution of the night sky in relation to the type of land development was performed based on the existing classification of the land cover (Kunz et al. 2012) (Fig. 5) . The sites were assigned to the corresponding land cover classes created by the integration of available spatial databases on a scale of 1:10,000. For each category of land cover, the average sky brightness was calculated from the summer measurements and broken down into the degree of cloudiness (Table 3) . The highest sky brightness was observed in areas with single-family housing and high-rise buildings and in the city centre; its average value was about 16 mag/arcsec 2 . The darkest sky was observed in sandy and gravelly areas, where average brightness reached 18 mag/arcsec 2 . The difference between the brightest area and the darkest one is about 2 mag/arcsec 2 , which means over six times brighter sky. There are differences between the brightness of a mostly cloudy and slightly cloudy sky. It is worth noting that for high-density housing, the brightness of the sky during mostly cloudy nights is higher compared to cloudless nights. The difference is about 1 mag/arcsec 2 , which corresponds to a 2.5 times brighter sky. Another conclusion is the observation that the smallest difference occurs in areas with dense land development, where the sky is so bright that the cloud cover does not have a great impact on the observed brightness of the sky, as shown in the diagram below (Fig. 7) . The opposite is true in areas far from built-up areas, where the difference is greater than in densely built-up areas. Figure 8 shows the relationships between the brightness of the night sky and the type of land development surrounding a measurement station.
On this visual juxtaposition, the sites are ranked on the basis of the distance from the illuminated road and the existing buildings. The visualization according to this criterion shows the tendency of the measured night sky brightness to decrease with the distance from the traffic routes and buildings illuminated at night. In the first part of the figure we can see the dominance of sites classified as single-family and multi-family housing, while on the right side -open land sites. 
Conclusions
Light pollution as a relatively new issue is currently under intensive research and scientists from various institutions are increasingly interested in this issue, both in terms of understanding the causes and determining its effects. The problem of excessive light emission at night is becoming more and more common and is becoming a phenomenon subject to observations and systematic monitoring. The applied research methods and visualizations of collected measurement data are varied. Light pollution is affected by a number of factors, including the scale of the cloud cover and the type of land cover close to observation points. Based on the conducted research, it can be concluded that the brightest values are characteristic for densely built-up areas, representing large concentrations of single-family and multi-family housing and city centre buildings. The increase in the brightness of the sky in these areas is caused by the large num-ber of street lamps and the presence of illuminated billboards and neon lights, the number of which is constantly increasing. On the other hand, the darkest places are open areas, located far from densely built-up areas and adjacent industrial areas. Observations of the dark sky is also facilitated by a long distance to illuminated traffic routes and buildings. At the sites with high light pollution, it has been observed that the degree of cloudiness has no significant impact on the measurement of sky brightness. This factors, on the other hand, affect the measurements of this phenomenon in areas with a dark sky.
The obtained results are interesting to the extent that the measurement of the night sky brightness will be carried out within the established network over a longer period of time, taking all seasons of the year into account. Research on the sky brightness is an interdisciplinary topic and it is necessary to determine its limitations and impact on the elements associated with our lives.
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